The preliminary experimental characterization of the flow field developing in the test section of a small high enthalpy arc-heated Mach 6 tunnel has been carried out in terms of Mach number and local flow velocity angle. Measurements have mainly been obtained in cold flow conditions (no arc), though a limited number of tests has also been performed in hot flow conditions (Ttot=1800 K). To this purpose Pitot and yawmeter probes have been employed: in particular a theoretical model for using uncalibrated conical yawmeters in hypersonic flow has been developed. Total temperature measurements could not be obtained with the necessary accuracy due to problems of response time and survivability of thermocouples. The test campaign is presently underway and will include total temperature measurements performed by means of a fast-response total temperature probe based on transient thin-film heat flux gauge technology.
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Introduction
A new hypersonic high enthalpy wind tunnel has been designed and manufactured at Centrospazio in the framework of European Space Agency FESTIP program, aimed at developing aerothermodynamic technologies for reusable launch vehicles 1, 2 . The High Enthalpy Arc-heated Tunnel (HEAT) operates in a pulsed quasi-steady mode and can provide 3 a Mach 6 hypersonic flow with total temperature up to 3000 K and unit Reynolds number up to 10 6 -10 7 with a running time up to 30 ms.
A Kulite HKM-375-200a Ruggedized Pressure Transducer (200 psi full scale, 100 kHz useful bandwidth, thermally compensated) is used to measure the pressure in the plenum chamber. The transducer is flush mounted on the plenum chamber wall, therefore eliminating any pressure lag caused by feed tubes. When needed, the temperature in the plenum chamber can be monitored using an unshielded .001" Omega R-type (Platinum/ Platinum-Rhodium) thermocouple. Despite the very small size of the junction (and the consequent structural weakness), the thermocouple exhibits relatively long response times: a numerical correction 4, 5 can be applied to measured data to account for these problems, nevertheless the temperature measurement lacks the necessary reliability and time resolution. For this reason a new type of total temperature probe was designed, as described later in this paper.
Preliminary experimental characterization of the 2 flow field has been carried out in terms of Mach number and flow velocity angle. Measurements have mainly been obtained in "cold flow" conditions (i.e. no heating arc) on a meridian plane and a second parallel plane, 26 mm off axis. The Mach number has also been measured in "hot flow" conditions in a limited number of points on the meridian plane.
Finally an important note should be made concerning the cold flow conditions at which measurements were performed. In these conditions the stagnation temperature was 300 K and stagnation pressure was set to 3.15 bar. The flow was then expanded through the nozzle, designed to generate a Mach 6 jet in hot flow conditions (i.e. with the arc heater turned on, stagnation temperature 1800 K and stagnation pressure 6.4 bar). In the cold case a thicker boundary layer develops on the nozzle walls, thereby decreasing the effective nozzle area ratio. For this reason a slightly lower Mach number is generated in cold flow cases than in hot ones. This expansion is nevertheless sufficient to yield a test section static temperature equal to 40 K and a static pressure equal to 220 Pa. Following Wegener 6 , the condition for static saturation of air is: 7 , which allows for super-cooling of air beyond static saturation. According to his data the above conditions should be marginally saturated. Therefore it could be predicted that, to a larger or lesser extent, air in the test section should liquefy. Nevertheless none of the usual problems typical of partially liquefied flows occurred: i.e. total head loss and increasing scatter and loss of data repeatability. Furthermore, laser sheet visualization demonstrated the lack of liquefaction droplets (appearing as a foglike shade) in the jet.
A possible explanation for this unexpected behavior of the flow is that synthetic air used in the tunnel is virtually free of water vapor and extraneous particles which may act as condensation nuclei. Therefore a greater level of air super-cooling can be reached in the HEAT nozzle than realizable in conventional wind tunnels as those considered in Wegener's and Daum's studies.
The Pressure Probes
Most of the data presented herein have been collected using an array of pressure probes. More specifically a Pitot probe, a two-hole conical yawmeter probe and a combined five-hole conical probe were used. For the conical probes a semiaperture angle of 45° was chosen, as a compromise between the fact that a large cone angle delays flow separation and produces a greater pressure difference across opposed orifices, while a small angle is desirable to minimize induced flow disturbances. A brief description of the different probes is as follows.
The Pitot probe consists of a hemispherical blunt cylinder, 10 mm in diameter, machined out of solid brass and with a pressure tap at its nominal stagnation point, equipped with a Kulite XCE-93-10 pressure transducer (10 psi full scale, 210 kHz bandwidth, thermally compensated, Fig. 1 ). The transducer is mounted very close to the probe external surface (less than 1.5 mm) to avoid the reduction in measurement frequency response due to trapped volumes. With this configuration a useful bandwidth in excess of 100 kHz was obtained.
Fig.1 The hemispherical Pitot probe
This type of probe can be used to compute the Mach number in the test section by applying the usual normal shock relations to the pressure signals measured in the plenum chamber and at the probe stagnation point. The Rayleigh-Pitot equation can be used for this purpose 8 :
A hemispherical tip was chosen instead of a flat one to reduce the shock stand off distance and therefore have virtually frozen (constant γ) conditions in the shock layer.
The two-hole yawmeter probe consists of a 45°s emi-aperture angle sharp cone/cylinder, 10 mm in diameter, machined out of solid brass, with two 3 opposed pressure taps equipped with Kulite XCS-093-5 pressure transducers (5 psi full scale, 210 kHz bandwidth, thermally compensated, Fig.2 ). Also in this case care has been taken in reducing as much as possible trapped volumes, in order to maximize the frequency response. The two-hole probe showed a useful bandwidth of about 30 kHz.
Fig.2 The two-hole conical yawmeter probe.
Two different methods of measuring the flow velocity angle were initially used: the null-reading method (in which the probe is rotated until two opposite pressure transducers measure the same static pressure, indicating that the probe axis is parallel to the local velocity vector) and the differential-reading method (in which the pressure difference is measured and, based on calibration data and/or theoretical models, the relative angle between velocity vector and probe axis is obtained). The two methods produced indistinguishable results: therefore the simpler and more practical differential-reading method was used for further measurements.
In addition, a combined miniaturized five-hole probe was initially designed and tested (Fig.3) . This type of probe allows for the simultaneous measurement of Mach number, static pressure and velocity angle at a specified location in the flow. The probe is designed using a 3.2 mm diameter conical tip (with a semi-aperture angle of 45°), with 5 precision 0.4 mm dia. pressure taps. One pressure tap is on the cone vertex (impact orifice) and the other four on the side surface (static orifices). The pressure cone is connected to a stainless steel body and the pressure taps are connected by thin tubes to one XCE-093-10 and four XCS-093-5 Kulite pressure transducers contained within the stainless steel body.
Though very promising with respect to its effectiveness in characterizing the flowfield, the miniaturized probe suffered some major disadvantages. The need to have relatively large taps on the small vertex cone caused the probe to deviate from theoretical calibration and made accurate fabrication difficult. Furthermore, the long tubes used to drive the transducers induced a large pressure lag, therefore limiting the useful probe bandwidth to about 0.8 kHz. For these reasons the five-hole probe was only marginally used during the experimental campaign and only to provide further confirmation of measurements collected by other means. 
ig.3 The combined five-hole probe
Useful relations applying to the two-and fivehole probes (and allowing to some extent the use uncalibrated probes in hypersonic flows 9 ) can be derived on the basis of Newtonian flow theory 10, 11, 12 . The general expression for the surface pressure distribution in a hypersonic Newtonian flow (neglecting viscosity and hence Reynolds number effects, an assumption which is justified in the high Mach number regime 13 ) can be written as:
where θ is the angle between the undisturbed flow velocity and the vector normal to the body surface and k is a coefficient which can assume the following values, depending on the Newtonian model considered:
• classic Newtonian 
From the above equations it can be seen that the flow velocity angles, the static pressure and the Newtonian coefficient (which is uniquely a function of the Mach number and the fluid properties) can be obtained from measurements performed using the five-hole probe. It is interesting to note that the above procedure is independent of the specific Newtonian model considered, only the computation of the Mach number from the Newtonian coefficient k is affected by the choice. An example of the precision which can be obtained by means of this approach is given by a comparison with a set of experimental calibration data by Raney 16 . The data refer to a conical fourhole probe with a 45° semi-aperture angle. The probe sensitivity, expressed in terms of pressure difference between opposite holes for a 1° incidence angle, is given as a function of the Mach number (Fig.4) . It can be clearly seen that for increasing Mach numbers the theoretical approach yields results which are in good agreement with the experimental ones, with the Newtonian/oblique shock model performing slightly better. Of course in the case of high temperature testing the above methods can be applied using an appropriate value of γ, which can be assumed as frozen because of the small dimensions of the probe sensing region. After Pope and Goin 17 the following relation may be used: It should be noted at this point that for increasing Mach number, the above equations become numerically ill-conditioned, as the static pressure contribution to the impact reading approaches zero. For this reason, and to increase the reliability of the performed measurements, it appears necessary to combine measurements performed using the five-hole probe with plenum pressure reading, leading to an over-determined system of equations which can be conditionally solved.
A number of studies 18, 19 showed that, in the hypersonic regime, theoretical results yield reliable information about the response of conical probes to different flowfield configurations, therefore substituting to some extent for experimental calibration. Nevertheless a certain number of phenomena were neglected in the above analysis, for example the fabrication accuracy of the cone probe and the effect of over-expansion near the blunt nose 20 . It should be clear that the influence of these phenomena on the probe response has been neglected and no attempt was done to assess its magnitude.
Cold flow results
The above probes were used to perform measurements on the flow produced by the HEAT nozzle (Fig.5, Fig.6 ) along two lines of points across the nozzle exit, on a plane laying 3 mm outside of the exit section. One series of measurements was taken horizontally along the 5 nozzle diameter, the second on a horizontal line parallel to the nozzle diameter and at a distance of 26 mm from it. The data were gathered in cold flow conditions, i.e. stagnation temperature and pressure were respectively equal to 300 K and 3.15 bar. area ratio A e /A t =78.35. Fig.6 The probe rack positioned in front of the nozzle exit. Fig.7 shows the Mach number distribution across the nozzle. A uniform Mach region extending not less than 26 mm from the nozzle axis can be clearly recognized. Fig.8 shows the local flow angle with respect to the nozzle axis in the diameter plane. The peculiar "S"-like shape of the distribution may be caused by a weak oblique shock generating in the nozzle lip region.
Test section flow unsteadiness level can be quantified by means of Mach number fluctuations. Writing the Mach number as the sum of a steady (average) and a random component:
the unsteadiness factor, χ, is defined as:
A plot of χ is presented in Fig.9 . It can be seen that the unsteadiness level remains less than 0.02 up to a radial distance from the axis of about 25 mm. Moving further out the unsteadiness increases due to the influence of the turbulent boundary layer developing on the nozzle walls. 
Hot Flow Results
Mach number was also measured in a limited number of points across the nozzle diameter in hot flow conditions (Fig.10) , i.e. stagnation temperature and pressure respectively equal to 1800 K and 6.5 bar. As anticipated, the measured Mach number is slightly larger than in cold flow conditions: no loss of Pitot impact pressure is present, which is an indicator of the absence of air liquefaction in the cold flow free-stream. 
Temperature Measurements: The Dual Thin Film Stagnation Enthalpy Probe
As mentioned in the Introduction, one of the greatest problems in pulsed arc-heated tunnels (both in quasi-steady facilities, like Centrospazio HEAT, and in hotshot ones) is developing an accurate method of measuring stagnation enthalpies. While the pressure can be measured directly, the enthalpy can only be inferred in an indirect way, for obvious problems of survivability and frequency response of temperature measuring devices (for example thermocouples).
One possible solution to this issue is to measure stagnation point heat flux on a probe placed in the test section and then reconstruct (numerically or analytically) the flow field, therefore reverse computing the stagnation enthalpy of the flow. A review of this technique is presented by Sagnier and Verant 21 . A different approach is being used at Centrospazio, where a novel concept fast-response total enthalpy probe is being used, in collaboration with University of Oxford (UK) and Syracuse University (USA). The probe was developed at the gas dynamics laboratory in Oxford for low enthalpy flows 22, 23 . Two thin-film heat transfer sensors are closely placed in the stagnation region of a small blunt probe (Fig.11) . The probe surface under each film is heated by means of Joule effect before each run: convective heat transfer is a function of the difference between wall and total temperatures in the shock layer, therefore the heat flux signal from each film can be written as: A great advantage of this technique is of being independent on the free-stream Mach and Reynolds numbers, the static and total pressure and, to a certain extent, the thermo-chemical state of the gas. Furthermore it relies on no numerical or analytical rebuilding and requires no calibration. The quasi-2D arrangement of this probe is presently under development in Centrospazio. Cold flow tests for the probe have been performed, showing a frequency response in excess of 100 kHz and an absolute precision of ±1 K.
Conclusions
Though not exhaustive, the present study shows how simple pressure probes can be used to gather useful information about flow quality in the test section without the luxury of experimental calibration data. Commercially available pressure transducers can be successfully employed to perform 7 high frequency measurements in both cold and hot flow conditions, though at higher temperatures some survivability problem occurred.
On the other hand, commercial thermocouples and other temperature measuring devices cannot provide accurate data in the short-duration high enthalpy flows herein considered. For this reason different approaches must be pursued: an example is the dual thin-film probe being used in collaboration with University of Oxford (UK) and Syracuse University (USA). Preliminary results show the potential usefulness of this technology in aerothermodynamic experimental activities.
